Introduction
There are currently 440 nuclear reactors in operation worldwide, about 20% of which are operating in the areas of significant seismic activity .1) The seismic resistance performance of nuclear power plants remains as one of the crucial issues, concerning the safety of nuclear power plants. The accidents of nuclear power plants due to earthquakes have caused great harm to the environment and human society. For example, some parts of the Kashiwazaki-Kariwa nuclear power plant were severely damaged during the M6.8 Chuetsu offshore earthquake happened in Niigata (July 16 th , 2007), leading to the leakage of radioactive materials. The M9.0 Great Tohoku Earthquake happened in the northeast of Japan (March 11 th , 2011), with the succeeding tsunami, hit the Fukushima Daiichi nuclear power plant, resulting in explosion of nuclear units and radioactive releases. Lessons from those accidents indicate that nuclear facilities must be designed based on criteria far more stringent than those applying to nonnuclear facilities so that earthquakes and other external events will not jeopardize their safety.
To improve the seismic resistance capability, most of the nuclear power plants have been built on rock foundations to minimize seismic shaking, with some circulation pipelines buried in rock mass. Therefore, the responses of rock foundation to seismic loads affect the stability and safety of nuclear power plants to a great extent. The seismic responses of geotechnical foundations were studied initially with the simplified 1-D model, considering that seismic waves travel vertically through horizontal geotechnical layers.
2) 4) In recent years, a number of numerical and theoretical researches have been performed, 5) 10) demonstrating that the physico-mechanical properties of rock like the damping factor and the rock hardness, the hypocenter characteristics and the propagation path of seismic waves have significant influences on the seismic response of rock mass. Although tremendous efforts have been put into the studies on the seismic behaviors of rock mass, there are still some issues remaining unsolved, especially in the cases with involvement of discontinuities, as results of the complexity of rock structures and the uncertainty of seismic characteristics. A mass of discontinuities like joints commonly exist in rock mass, principally governing the deformation and failure behaviors of rock mass.
11) A number of researches have been carried out, focusing on the deformation of rock joints under various stress conditions (compression and shear) and its influence on the mechanical behaviors of rock mass. The seismic response of rock foundation to seismic loads is an important issue to the stability and safety of nuclear power plants. Due to the fact that the discontinuities like joints existing in the rock mass govern principally the deformation and failure behaviors of the rock mass, the influence of discontinuities on the seismic behaviors of rock mass remains as one of the fundamental problems in the safety assessment of nuclear power plants. In this study, the distinct element method (DEM) and finite element method (FEM) were adopted to investigate the seismic responses of rock foundation to a real seismic wave, taking into account the effect of joint dip angle on the deformation and dynamic behaviors of rock foundation. In the DEM simulations, the intact rock has an amplification effect on the amplitudes of seismic waves, while the joints exhibit an attenuation effect on the seismic waves. In the FEM simulations, however, the attenuation effect of joints is not obvious. The dip angle of joints has strong effects on the deformation and dynamic behaviors of rock foundation, in terms that different dip angles lead to obviously different deformation and horizontal stress in the rock foundation when subjected to seismic load. When the dip angle of joints is around 60°, the seismic velocity, displacement and stress reach the maximums. Therefore, attentions need to be paid on this factor during the seismic design of nuclear power plants. 
Properties of Rock Mass and Seismic Wave 2. 1 Properties of Rock Mass
The rock foundation of the objective nuclear power plant belongs to Mesozoic cumulates (conglomerate stone), containing a mass of discontinuities. The mechanical properties of intact rock were estimated by carrying out unconfined and triaxial compression tests and Brazilian test on intact rock samples taken from the objective ground, and the mechanical properties of joints were estimated by conducting normal loading tests and direct shear tests on rock samples containing single fractures, with the test results shown in Table 1 . In this site, the macro mechanical behaviors of the rock mass are strongly affected by the existing rock joints. For example, the elastic modulus of the rock mass measured through in-situ deformation tests ranges from 500 to 1700MPa, which is much smaller than that of the intact rock.
To investigate the geometrical characteristics of joints, borehole drilling was performed at different locations in the rock foundation. Figure 1 shows two typical examples of unrolled sketches of core samples, demonstrating that the persistent joints (solid lines) with large dip angles (60°to 90°) are prominent, with a mass of non-persistent joints (dashed lines) with small angles almost vertically intersecting the large angle joints. According to survey results of 183 core samples, the average spacing between the small angle joints (SL) is around 2 times of that of the large angle joints (SH).
2 Characteristics of Seismic Wave
Comparing to artificial waves, the real seismic waves taken from similar sites will be more representative to the situation when earthquake happens. In this study, the EW component of the seismic acceleration wave (with a larger amplitude than the NS component) measured at the Ojiya observation site during the M6.8 Chuetsu offshore earthquake (Niigata, July 16 th , 2007) was adopted in the numerical simulations (Fig. 2 ). The shear wave was selected due to its great destructiveness to the rock mass and buildings. Then the time-domain seismic wave was transformed into frequency-domain wave by the fast Fourier transform to investigate the frequency characteristic. As shown in Fig. 3 , this seismic shear wave presents low-frequency characteristics with the dominant frequency of 2.82Hz. The seismic records obtained from observation sites represent the seismic motion of the ground surface. During earthquakes, seismic waves propagate from the deep rock formation to the ground surface. To reproduce such process in numerical simulations, it is necessary to investigate the seismic motion of the deep rock formation firstly. The code of k-SHAKE developed by the Structure and Planning Institute of Japan 22) was utilized to investigate the seismic wave at the deep rock formation with a depth of 200m. The propagation velocity of S-wave and the damping ratio were set as 3363m/s and 3% respectively, according to the results of in-situ tests. Due to the time-consuming problem of dynamic simulations, only parts of the acceleration and velocity waves, which last 10 seconds (20.8~30.8s) and contain the peak values of the total waves, were chosen as the input waves to the FEM and DEM models, respectively (Fig. 4) . Table 1 Physico-mechanical properties of intact rock and joint. 
Calculation Principles and Numerical Models 3. 1 Calculation Principles of FEM and DEM
Numerical simulations on the seismic behaviors of the rock foundation were performed by using the DEM code of UDEC 23) and the FEM code of SuperFLUSH/2D. 24) In the FEM simulations, the equation of motion can be written in the discretization form of Eq. (1)
The DEM represents the rock mass as an assemblage of discrete blocks and the joints as interfaces between blocks, in which the force-displacement law is used to obtain forces at interfaces from known displacements, while the Newton's second law gives the motion of blocks resulting from the known forces.
23) The motion equation of the ith block can be written in the form of central difference scheme, as shown in Eq.(2), where t is time ; Δt is time step ; ui is the displacement component of block centroid ; ΣFi is the total external force ; m is mass ; gi is the gravitational acceleration ; θ i is the angular displacement ; ΣMi is the total moment acting on the block ; and I is the moment of inertia of block.
In the DEM simulations, the deformation of joints depends on the external loads and the mechanical properties of joints (normal stiffness, shear stiffness, cohesion and friction angle, etc.). DEM can simulate the large deformations of joints like sliding and separation, which affects the propagation of seismic waves in terms of energy dissipation. In the DEM model, the influence of discontinuities on energy dissipation is taken into account, with the coefficients of reflection (R), transmission (T) and absorption (A), in the forms of Eq.(3), where EI, ET and ER denote the energy flux per unit area cycle of oscillation associated with the incident, transmitted and reflected waves, respectively. 
2 Numerical Models
The FEM and DEM models were established with the same dimension and boundary conditions. To sufficiently represent the deformation behavior and stress distribution in the rock mass, the size of the numerical models was determined as 240m × 200m (Fig. 5a ). According to the distance to the nuclear facilities, the model of rock mass was divided into two parts, namely the far-field region and the near-field region. Comparing to the farfield region, the rock structure of the near-field region has more direct influences on the dynamic behaviors and safety of nuclear facilities, which is therefore chosen as the target study region in the numerical study. According to the aforementioned in-situ survey results, two sets of parallel joints were set in the near-field region (Fig. 5b) , among which the set-1 joints are persistent throughout the near-field region, playing a major role in the seismic behaviors of the rock mass, while the set-2 joints are non- persistent with orientation perpendicular to set-1 joints. The spacing of set-2 joints is 2 times of that of set-1 joints (S2 = 2 × S1 and S1 = 5m). Note that in Fig. 1 , the spacing of joints is around some tens cm, which will lead to a huge amount of joints in the numerical model. The joint spacing which reflects the integrity of rock masses and affects the strength and deformation of rock masses, usually ranges from tens cm to tens m. At here, the spacing of set-1 joints was set to 5 m to shorten the computing time. To study the effect of joint dip angle, the dip angles of set-1 joints (α) were set as 10°, 15°, 30°, 45°, 55°, 60°, 65°, 75°and 80°respectively in DEM models, and 15°, 30°, 45°, 55°, 60°and 75°respectively in FEM models. The upward-propagating seismic wave was input from the bottom of numerical models. In both the DEM and FEM model, the viscous boundary was assigned to the bottom of the numerical models to absorb the dissipating energy, and free-field boundaries were set to the lateral boundaries of the models to allow the propagation of seismic waves out of the models.
A main monitoring point marked as M was set in the near-field region to estimate the seismic behaviors of the rock mass (Fig. 5a) , which is located in the middle of the model with a depth of 35m. In addition, another 4 monitoring points was set on the central axis of the model, with the depth of 0m, 35m, 100m and 190m respectively, to investigate the seismic responses of rock foundation at different depths.
Results and Discussions 4. 1 Seismic Responses of Rock Foundation at Different Depths
The seismic responses of rock foundation differ at different locations, affected by the transmission distance of seismic waves and the rock mass properties. Figure 6 shows the horizontal velocity waves at 4 monitoring points (in the case α = 55°) obtained from FEM and DEM simulations. In FEM simulations (Fig. 6a) , the waveforms at monitoring points with varying depths are consistent except for the difference in maximum amplitudes, and those waves reach their maximum amplitudes almost simultaneously. The DEM results (Fig. 6b) reveal that although the response waves at different locations are similar, some different characteristics still can be confirmed comparing with the FEM results, mainly in two aspects : the amplitudes variation at peaks and troughs of waves are more obvious ; the peaks and troughs of waves appear at different times.
The relationship between the maximum amplitudes of waves and the depths of monitoring points is shown in Fig. 7 . The DEM results exhibit a two-stage characteristic. When seismic waves travel in the far-field region (−200m < d < −40m), the wave amplitude increases with the increase of transmission distance, due to the amplification effect of the intact rock. However, the amplitude decreases when the seismic wave propagates through the near-field region (−40m < d < 0m), due to the attenuation effect of joints. The DEM results demonstrate that the intact region and the jointed region of rock mass have different effects on the propagation of seismic waves. However, in the FEM simulation, the maximum amplitudes of waves increase in an approximately linear way with the upward propagation of seismic waves throughout the whole rock foundation. The FEM, considering that the displacements are continuous across the joints due to the continuity principle, cannot well represent the large deformation of joints like sliding and separation, which leads to the energy dissipation during wave transmission. Therefore, the FEM in some extents underestimates the attenuation effect of joints on the propagation of seismic waves.
2 Effect of Joint Dip Angle on Seismic Behaviors of Rock Foundation
The monitoring point M is located in the near-field region, close to the nuclear facilities. The seismic behaviors measured at this point can in some contents reflect the dynamic behaviors of the nuclear power plant. During the dynamic simulations, the horizontal velocity, displacement and the horizontal stress, were recorded at the monitoring point, and the peak values of these variables were analyzed. Figure 8 shows the changes of the maximum horizontal velocity with the dip angle of joints (α) at monitoring point M. In all the cases with varying joint dip angles, the maximum horizontal velocities obtained from the FEM simulations (ranging form 36.43 to 36.78cm/s) are larger than those obtained from the DEM simulations (ranging from 33.30 to 35.69cm/s), due to that the weakening effect of joints was underestimated in the FEM simulations. The results of the DEM simulations indicate that the change of joint dip angle affects the maximum velocity significantly. For the cases of small angle joints (10°≤ α ≤ 30°), the maximum velocity at point M decreases with the increase of joint dip angle. Then the maximum velocity gradually increases in the dip angle range of 30°~ 60°, and reaches its peak value (35.69cm/s) when α = 60°. After that, the maximum velocity begins to reduce as the joint dip angle increases (60°≤ α ≤ 80°). Although the FEM results exhibit a similar varying tendency, the influence of joint dip angle on the horizontal velocity is much weaker than that in the DEM results.
For the purpose of verification, Fig. 8 also lists the results of DEM simulations with a simple harmonic wave (a low-frequency sine wave with the identical maximum amplitude to the Ojiya wave : f = 2.82Hz and A = 37.6cm/s), which agree well with the results obtained by inputting the Ojiya wave, in the aspect of the effect of joint dip angle. The horizontal velocity obtained with the sine wave is larger than that obtained with the Ojiya seismic wave, due to that the average amplitude of sine wave is larger than that of the seismic wave. Figure 9 shows the relationship between the maximum horizontal displacements (absolute value) with the joint dip angles (α) at the monitoring point M. The effects of joints in FEM simulations are not obvious, therefore, only the DEM results are involved in Fig. 9 . As the dip angle of joints increases from 10°to 80°, the maximum displacement at monitoring point M decreases initially in the cases of small angle joints, then increases and reaches the peak value (14.68cm) when α = 60°. The varying tendency of the horizontal displacement is in good agreement with that of the horizontal velocity, since the displacements are derived through the integration of velocity with respect to time in the numerical simulations. The numerical results with the sine wave also exhibit a similar variation trend of the horizontal displacement with the joint dip angle, while the value of displacement is frequency-dependent.
The changes of horizontal velocity and displacement with dip angle of joints at monitoring point M reflect the influence of joint dip angle on the deformation behaviors of the rock foundation. The results of numerical simulations show that the horizontal velocity and displacement of the rock foundation reach the maximums when the dip angle of joints is 60°. In addition, the cases of small angle joints also have considerable velocities and displacements resulted from horizontal seismic loads.
Due to the high strength of the intact rock, the total deformation of the rock mass is principally governed by the deformation of joints. The deformation of inclined joints consists of two components : the normal deformation (closure or opening of joints) and the tangential deformation (slipping of joints).
12) 16) With the increase of joint dip angle, the tangential deformation of joints decreases, while the normal deformation increases. For the cases of small angle joints, the tangential deformation of joints accounts for the most portion of the total. Therefore, the slipping of joints can produce a considerable horizontal displacement under horizontal seismic loads. For the cases of large angle joints, the normal deformation of joints contributes to the total deformation primarily. The numerical results indicate that in the case of α = 60°, the total deformation of rock mass reaches the maximum under the combined action of the normal and tangential deformations of joints. The dynamic simulation results of this study have similar tendencies to the static simulation results reported by Wang 16) and Jiang, 25) demonstrating that the joint dip angle has analogous effects on the deformation of rock masses under static and dynamic loading conditions. Figure 10 shows the change of the maximum horizontal stress with the joint dip angle at monitoring point M obtained from the DEM simulations, where positive values represent compressive stresses. For all the cases with different dip angles of joints, the maximum horizontal stresses range from 0.71 to 1.27MPa.
The change of joint dip angle affects the horizontal stresses of rock foundation significantly. For the cases of small angle joints (15°≤ α ≤ 30°), the horizontal stress decreases with the increase of α. For the cases of large angle joints, the horizontal stress reaches the peak when α = 60°. The influence of joint dip angle on the horizontal stress of rock foundation corresponds well with its influence on the deformation behaviors of rock mass (Figs. 8 and 9 ). The horizontal deformation of the rock foundation is principally governed by the horizontal stress of rock masses. Around the dip angle of 60°, the horizontal stress reaches the peak, resulting in the maximum deformation of rock masses.
Conclusions
The dynamic behaviors of the rock foundation subjected to seismic loads concerns the safety of nuclear power plants. In this study, the FEM and DEM simulations were performed to investigate the seismic responses of rock foundation to a real seismic wave obtained in the Chuetsu offshore earthquake (Niigata, 2007), taking into account the effect of joint dip angle on the seismic behaviors of rock mass.
Response waves of velocity at monitoring points with different depths were obtained. In the DEM simulations, the amplitude of the response wave increases when seismic waves travel through the intact far-field region of rock foundation, due to the amplification effect of the intact rock, while the wave amplitude decreases when seismic waves propagate through the jointed near-field region, due to the attenuation effect of joints. In the FEM simulation, the maximum amplitudes of waves increase in an approximately linear manner with the upward propagation of seismic waves throughout the whole rock foundation, indicating that the FEM in some extents underestimates the attenuation effect of joints on the propagation of seismic waves. These differences between DEM and FEM are mainly due to their different ways of solving the same equations of motion and the different treatments to the deformation of joints. The change of joint dip angle has significant effects on the seismic behaviors of the rock foundation. The maximum amplitudes of the velocity and displacement waves at the monitoring point in jointed rock mass initially decrease when the joint dip angle increases from 10°to 30°, then increase and reach the peak values when α = 60°, due to the combination of normal and tangential deformations of joints. In addition, the small angle joints (α = 10°) can also result in considerable horizontal deformation due to the large tangential deformations of joints. The influence of joint dip angle on the horizontal stress of rock foundation corresponds well with its influence on the deformation behaviors of rock mass. Therefore, the joints with the dip angle around 60°as well as the small angle joints could lead to large deformations of rock mass when subjected to shear waves, which requires attentions in engineering practices.
At present, the deformation and failure mechanisms of the jointed rock foundation subjected to seismic loads are still not well understood. Future studies will focus on the mechanical and failure behaviors of rock foundation during earthquakes, taking into account the effect of the geometrical distribution of rock joints like dip angle and spacing. 
